The canonical initial 26 Al/ 27 Al ratio of 4.5 Â 10 -5 has been a fiducial marker for the beginning of the solar system. Laser ablation and whole-rock multiplecollector inductively coupled plasma-source mass spectrometry magnesium isotope analyses of calcium-and aluminum-rich inclusions (CAIs) from CV3 meteorites demonstrate that some CAIs had initial 26 Al/ 27 Al values at least 25% greater than canonical and that the canonical initial 26 Al/ 27 Al cannot mark the beginning of solar system formation. Using rates of Mg diffusion in minerals, we find that the canonical initial 26 Al/ 27 Al is instead the culmination of thousands of brief high-temperature events incurred by CAIs during a 10 5 -year residence time in the solar protoplanetary disk.
The short-lived radionuclide 26 Al Emean life 0 1.05 million years (My)^was an important source of heat in the early solar system (1) . It is also a high-resolution chronometer for early solar system evolution (2) . Its former presence in the solar system is evidenced by excesses in its decay product, 26 Mg*, correlated with Al/Mg in the constituents of meteorites (3) . The largest excesses occur in the CAIs found in many chondrites. The CAIs are the oldest known solid objects that formed in the solar system and have absolute 207 Pb- 206 Pb ages of 4567.2 T 0.6 My (4). Here, we present new ultraviolet (UV) laser ablation and acid digestion multiple-collector inductively coupled plasmasource mass spectrometry (MC-ICPMS) analyses of CAIs showing that there was more 26 Al in the early solar system than previously thought and that the canonical 26 Al/ 27 Al is a reflection of the residence time of CAIs in the protoplanetary disk.
The use of 26 Al as a chronometer relies on variations in the initial 26 Al/ 27 Al ratio E( 26 Al/ 27 Al) o^i n objects formed within several mean lives of 26 Al decay. Values for ( 26 Al/ 27 Al) o are defined by isochrons comprising linear correlations between 26 Mg*/ 24 Mg and 27 Al/ 24 Mg. The slopes of these correlations are numerically equivalent to ( 26 Al/ 27 Al) o because all of the 26 Al decayed away billions of years ago. Age differences are reflected in differences in ( 26 Al/ 27 Al) o if 26 Al/ 27 Al was uniform in the early solar system.
A central assumption is that the canonical ( 26 Al/ 27 Al) o value equates with an absolute age of about 4567 My and represents the initial abundance of 26 Al for the solar system as a whole. Most data have come from measurements of Al-rich minerals, especially anorthite, a Ca-rich feldspar mineral, because high 27 Al/ 24 Mg affords high-precision estimates of 26 Results for all analyses of E44 define a line with a slope corresponding to ( 26 Al/ 27 Al) o 0 4.8 (T0.3 2s) Â 10 j5 and an intercept of 0.3 (T0.1 2s)° (Fig. 3) . The MSWD for the E44 data combined is 2.3. Melilites from E44 taken by themselves define a different line corresponding to ( 26 Al/ 27 Al) o 0 4.3 (T0.5 2s) Â 10 j5 , with an intercept of 0.7 (T0.2 2s)°a nd an MSWD of 1.0 (Fig. 3) . We interpret the unit MSWD of the melilites compared with the higher value for the combined data as an indication that melilites represent a single population (an MSWD of 1 indicates a single population), whereas the pooled data represent several populations marked by isotopic discordance.
The nonzero intercept for E44 melilites (Fig. 3) is a manifestation of a nonzero initial d 26 Mg* and indicates exchange with a reservoir with higher 26 Mg*/ 24 Mg and Al/Mg ratios. The only phase with higher Al/Mg and 26 Mg*/ 24 Mg than melilite in E44 is anorthite, and addition of anorthite to the melilite regression leaves the latter unchanged; melilite and anorthite are on the same line. Similar relations involving melilite have been attributed to subsolidus closed-system isotopic exchange between anorthite and melilite (13) . Closedsystem exchange of Mg isotopes between these phases to the exclusion of others is expected because both minerals are characterized by relatively high rates of Mg self-diffusion (14, 15) .
Mg isotope exchange between melilite and anorthite has been seen in other CAIs, but the data for E44 are revealing because they show signs of exchange despite exhibiting a canonical ( 26 Al/ 27 Al) o . Because the line defined by the melilite and anorthite data in E44 is probably the result of exchange of Mg isotopes between these phases, it follows that the anorthite complement of 26 Mg* corresponding to the canonical ( 26 Al/ 27 Al) o is not representative of the initial value for the solar system. For the melilite d 26 Mg* to define a nonzero intercept of 0.7° (Fig. 3) , the anorthite with which it exchanged would have to have experienced a decrease in d 26 Mg* of È25°at some point during the history of the CAI. The alternative is that the melilite alone exchanged Mg isotopes with an outside reservoir enriched in d 26 Mg* relative to its Al/Mg. Such an opensystem exchange cannot be ruled out a priori, but it is difficult to explain why melilite would be susceptible to exchange, whereas anorthite was not given their comparably high Mg diffusivities (14, 15) . Open-system exchange also offers no explanation for the coincidence of the melilite and anorthite apparent isochrons.
Our data are consistent with a ( 26 Al/ 27 Al) o value of at least 6 Â 10 j5 and could be reconciled with the higher value of 7 Â 10 j5 recorded by some whole-rock CAIs (Fig. 1) if the Mg isotopes were disturbed as indicated by the MSWD 91 for Leoville 144A. In what follows, we use the conservative value of 6 Â 10 j5 defined by the best-fit isochron for 144A (Fig. 2) .
Significance of supra-canonical 26 27 Al) o 0 6.0 Â 10 j5 , is 300,000 years. The widespread nature of the 4.5 Â 10 j5 value in feldspars (and in some other minerals) among CAIs supports the interpretation that these minerals record 26 Al- 26 Mg* closure with a common solar-system-wide ( 26 Al/ 27 Al) o . This closure must have followed nearly complete early resetting of the 26 Al-26 Mg* system. The alternative of different degrees of partial resetting for different objects would not result in a welldefined canonical value once 26 Al had decayed entirely to 26 Mg*.
The nonzero initial d 26 Mg* of 0.7 (T0.2)°f or E44 melilite is consistent with exchange of Mg isotopes between melilite and feldspar for 300,000 (T100,000) years after initial growth 
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8 APRIL 2005 VOL 308 SCIENCE www.sciencemag.org (Fig. 3) , which supports the Dt of 300,000 years obtained from the spread in ( 26 Al/ 27 Al) o values. After 300,000 years of decay of 26 Al with ( 26 Al/ 27 Al) o 0 6 Â 10 j5 , the d 26 Mg* for the bulk 27 Al/ 24 Mg (volume-weighted average) composition of melilite and anorthite in E44 ( the bulk 27 Al/ 24 Mg is È6.5) would be 0.7°. The values for 200,000 years and 400,000 years are 0.5 and 0.9°, respectively, spanning the 0.2°uncertainty in the intercept. Because 0.7°is the value for the bulk composition consisting of melilite and anorthite in E44, complete isotopic equilibration between these minerals after 300,000 years would have resulted in both having an initial d 26 Mg* of 0.7° (Fig. 3) . Subsequent decay of 26 Al produces the observed melilite and anorthite data with a canonical ( 26 Al/ 27 Al) o , reflecting the 26 Al/ 27 Al of 4.5 Â 10 j5 at Dt 0 300,000 years, but with an initial d 26 Mg* of 0.7°rather than 0 (Fig. 3) (11) .
Thermal resetting of 26 Al/ 27 Al in CAIs. Our data constrain the thermal history of CAIs in the solar nebula. The constraints come from the rate of diffusion of Mg isotopes in melilite and anorthite (14, 15) and the result that these minerals continued to exchange Mg isotopes until È300,000 years after initial CAI growth (11). We constructed a model for diffusive homogenization of 26 Mg*/ 24 Mg between anorthite and melilite for various volume fractions of the two minerals to assess the combinations of time and temperature required for resetting during a 300,000-year interval after initial CAI formation. In our calculations, we considered separately the effects of Mg isotope diffusion and 26 Mg* accumulation due to 26 Al decay. Resetting after only 300,000 years (a time less than the mean life of 26 Al) ensures that these two processes occurred simultaneously. In this case, growth of 26 Mg* in feldspar and melilite could have been punctuated by many episodes of diffusion during heating until final closure of the system after 300,000 years. The overall effect is the same as that portrayed in our calculation. Our model was calculated (11) for a concentration of 26 Mg* in anorthite and melilite appropriate for 300,000 years of decay of 26 Al, with an initial 26 Al/ 27 Al of 6.0 Â 10 j5 and 27 Al/ 24 Mg values of 256 and 2.56 representing anorthite and melilite, respectively (yielding initial d 26 Mg* values of 27.3°f or anorthite and 0.3°for melilite before diffusive isotope exchange). Inclusion E44 has a radius of È5 mm, so we used this size for the model.
The results are made universally applicable to the problem of melilite-anorthite Mg isotope exchange by presenting them in terms of the diffusion-reaction progress variable x (16). This progress variable is defined as:
where D(T) is the temperature-dependent diffusion coefficient for Mg isotope exchange, z is the dimension of the diffusion medium, and t is time. Values for x show the combinations of the effective temperature (time-integrated temperature) and the time necessary to effect a specified amount of diffusive 26 Mg*/ 24 Mg exchange between anorthite and melilite (Fig. 4) . The value of x required for complete homogenization of d 26 Mg* between anorthite and melilite by Mg diffusion, where the difference between d 26 Mg* in anorthite and melilite becomes 0, is 0.2 for the anorthite/(anorthite þ melilite) 0 0.25 volume fraction applicable to E44 (Fig. 4A) . The attendant increase in melilite d 26 Mg* of several tenths of a per mil due to the resetting is consistent with the observed excess in d 26 Mg* in melilite at the model 27 Al/ 24 Mg (Fig. 3) .
The resetting of the Mg isotopic system in melilite and anorthite requires 300 years at near-solidus temperatures of 1600 K (Fig. 4C) . We adopt 1600 K as an absolute maximum subsolidus temperature for anorthite þ melilite in CAIs but one that allows for partial melting of components near the eutectic (17, 18) . At 900 K, resetting takes 10 9 years. If conditions were suitable for resetting 26 Al- 26 Mg* in E44 anorthite, they were more than sufficient to reset feldspars in most other CAIs (19) (Fig. 4) and probably in smaller Al-rich and Mg-poor grains of other minerals. CAIs with fewer, smaller anorthite grains would require lower x and, therefore, less time and temperature; other high-Al minerals of small size, perhaps with lower Mg diffusivities (e.g., hibonite grains), could also be reset under these conditions because the critical factor is x z 2 rather than D(T) alone. For this reason the x for E44, an especially anorthite-rich CAI with unusually large grain size, represents a maximum for CAIs.
High temperatures that caused Mg diffusion like that evidenced in E44 must have occurred in the solar nebula. This is because the time scale for resetting the 26 Al- 26 Mg* system at peak temperatures appropriate for asteroid-like parent bodies (È900 K) is 10 9 years and is inconsistent with parent-body thermal models, meteorite isotopic data, and geological evidence (20, 21) . This conclusion in no way detracts from the importance of later parent-body processes such as metamorphism and aqueous alteration that undoubtedly lead to further 26 Al- 26 Mg* discordance in some CAIs.
Residence time of CAIs in the protoplanetary disk. The Dt of È300,000 years indicated by our ( 26 Al/ 27 Al) o data is a reasonable estimate of the residence time t for CAIs in the protoplanetary accretion disk of dust and gas that surrounded the sun. This is because Dt should also represent the time interval between initial CAI formation and the cessation of thermal processing and resetting of the 26 Al- 26 Mg* chronometer; the residence time t should be about equal to Dt. The resetting marked by Dt can be explained as the 27 Al/ 24 Mg. Error bars are 1s. In this plot, the canonical evolution line is horizontal, and the absence of 26 Mg* is shown by the lowermost negatively sloping solid line. The upper plot shows that melilites from E44 are above the canonical line and define an evolution line with a nonzero intercept of 0.7°. All data for minerals other than feldspar for E44 appear in the lower left corner of the lower plot for reference. Also shown as numbered circles and arrows in the lower and upper panels is the evolution of feldspar and melilite, respectively. The minerals evolve by 26 Al decay and Mg isotope diffusive exchange in the first 300,000 years (the approximate residence time t in the nebula) followed by uninterrupted 26 Al decay to reach their final compositions. The 7 Â 10 -5 and 6 Â 10 -5 reference lines from Fig. 1 are shown.
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culmination of exposure to thousands of shortlived heating events for 10 5 years in the nebula.
The time that any solid particle of millimeter size spent en route to the sun from several astronomical units (AU) in the surrounding protoplanetary disk was likely to have been about 10 4 years (22) . Because the radial velocity of the grains is proportional to circumstellar radius R, most of this time was spent inside of 3 AU in the protoplanetary disk (22) , where high temperatures were most likely. One site where high temperatures prevailed was near the growing sun (R È 0.06 AU) (23) . Temperatures approaching and/or exceeding the melting point of CAIs have been postulated for the ''reconnection ring'' region of the gap between the accretion disk and the nascent sun (23, 24) . Here, protoCAIs were exposed to flares and ambient temperatures that heated them to temperatures of about e1700 K (24) . The residence time of a CAI in this region is believed to have been approximately 10 to 20 years (24) . With a residence time in the ring of 20 years and a total high-temperature exposure time of È300 years [from the diffusion progress x at 1600 K (Fig. 4) ], CAIs like E44 would have had to enter the zone of heating about 15 times during their lifetimes in the nebula to reset the 26 Al- 26 Mg* melilite-anorthite system. The multiple trips to the hot zone can be explained by entrainment of the CAIs in magnetocentrifugally driven x-winds emanating from the inner edge of the disk. In this way, the CAIs are launched back out to the more distal regions of the disk. The transport of material back to the disk by this process is considerably faster than inward drift rates through the disk (24) . Although unlikely, if each trip from R Q 3 AU to the reconnection ring took about 3 Â 10 4 years (22), the total time required is about 4.5 Â 10 5 years [15 trips Â (3 Â 10 4 ) years per trip]. The combination of x for Mg isotope diffusion and estimated transport times therefore indicates a nebular t of 10 5 years for CAIs.
Another means of imparting high temperatures to CAIs is by passage through shock waves in the disk. Shock heating has been used to explain the cooling histories of chondrules, for example. Models for the process of shock heating in the nebula suggest that millimeter objects passing through the high-density waves experience temperatures of 1400 K to 2200 K for up to one day (25) . Such events would have disturbed the 26 Al- 26 Mg* system in CAIs after their formation.
Wood (26) proposed that spiral density waves in the nebula could be the shock waves responsible for heating rock materials. He described a circumstance in which two waves symmetrically distributed in the nebula travel with orbital periods on the order of 900 years, independent of circumstellar distance R. For material in quasi-Keplerian orbit in the inner solar nebula, these waves would have behaved as if they were effectively stationary. In this situation, the total time required to achieve resetting of the 26 Al- 26 Mg* system in anorthite and melilite (300 years at 1600 K for x 0 0.2) by passage of CAIs through the shocks is
where W is the Keplerian angular velocity [R/(1 AU)] j3/2 and N is the number of 1-day shock episodes required to achieve the requisite value for x. In this case, N must add up to 300 years of heating, which requires that N 0 300 Â 365 0 109,500 1-day shocks. The t obtained from this scenario for a CAI drifting inward from about 3 AU is 2.3 Â 10 5 years. The precise value for t is sensitive to the exact time-integrated temperature of processing, but for reasonable effective shock temperatures of Q È1500 K, the indicated nebular residence time t is on the order of 10 5 years (the value for t using 1500 K is 8 Â 10 5 years). Melting of a CAI at higher temperatures would also reset the 26 Al- 26 Mg* chronometer by rapid diffusion but can not explain the data for E44.
In both scenarios for high-temperature processing, we obtain a t of 10 5 years. The derived t explains the resetting of ( 26 Al/ 27 Al) o in some CAIs from Q 6 Â 10 j5 to 4.5 Â 10 j5 and the nonzero initial d 26 Mg* in E44 and in many other CAIs (13, 27) . Combining this result with the 10 4 years required for inward drift from 3 AU or beyond (22) suggests that CAIs like those examined here made several passes through the inner protoplanetary disk.
The meaning of the canonical ( 26 Al/ 27 Al) o as a reflection of t should apply to most CAIs, because conditions suitable for resetting 26 Al- 26 Mg* in E44 anorthite in the first 10 5 years are more than sufficient to reset most feldspars and probably other, smaller Al-rich Mg-poor minerals typical of CAIs. Accordingly, Mg isotope resetting in CAIs with similar t should record the same ''canonical'' ( 26 Al/ 27 Al) o , because it arises from uninterrupted 26 Al decay for t 9 t. Where ( 26 Al/ 27 Al) o is less than canonical, Al isotope heterogeneity Fig. 4 . Results of diffusion calculations expressed in terms of the diffusion-reaction progress variable x for a 10-mm diameter CAI (i.e., the size of E44). The initial condition corresponds to 3 Â 10 5 years of 26 26 Al decay. (C) Isopleths of x z 2 in effective temperature versus time space. These curves can be used to convert any combination of x and radius z into temperature and time. In the case of E44, x z 2 0 5 Â 10 j6 (heavy blue line).
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